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13 
Summary 14 
The interaction between seismic waves and slope is an important topic to provide reliable scenarios 15 
for earthquake-(re)triggered landslides. The physical properties of seismic waves as well as slope 16 
topography and geology can significantly modify the local seismic response, influencing landslide 17 
triggering. A novel approach is here applied to two case studies in Andalusia (southern Spain) for 18 
computing the expected earthquake-induced displacements of existing landslide masses. Towards 19 
this aim, dynamic stress-strain numerical modelling was carried out using a selection of seismic 20 
signals characterized by different spectral content and energy. In situ geophysical measurements, 21 
consisting of noise records and temporary seismometric arrays, were carried out to control the 22 
numerical outputs in terms of the local seismic response. The results consist of relationships 23 
between the characteristic period, Tm, of the seismic signals and the characteristic periods of the 24 
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landslide masses, related to the thickness (Ts) and length (Tl), respectively. These relationships 25 
show that the larger the horizontal dimension (i.e., length of landslide) of a landslide is, the more 26 
effective the contribution (to the resulting co-seismic displacement) of the long-period seismic 27 
waves is, as the maximum displacements are expected for a low Tm at each energy level of the 28 
input. On the other hand, when the local seismic response mainly depends on stratigraphy (i.e., 29 
landslide thickness), the maximum expected displacements occur close to the resonance period of 30 
the landslide, except for high-energy seismic inputs.  31 
Introduction 32 
Possible interactions between seismic waves and slopes for predicting the earthquake-induced 33 
movements of landslides have been analysed in several studies (Del Gaudio & Wasowsky, 2007; 34 
Bourdeau & Havenith, 2008; Danneels et al., 2008; Lenti & Martino 2012, 2013) to describe how 35 
the triggering conditions depend on seismic input properties such as energy, frequency content, 36 
directivity and peak ground acceleration (PGA) as well as on the slope topography and geological 37 
setting. Some case studies (Bozzano et al., 2008, 2011; Alfaro et al., 2012; Delgado et al., 2015) 38 
highlighted the role of these interactions in response to seismic amplification effects. More in 39 
particular, it was already highlighted (Delgado et al., 2011) that pre-existing large landslides can 40 
represent outliers with respect to the predictive curves proposed by Keefer (1984) and Rodriguez et 41 
al. (1999), as they can interact with far-field earthquakes characterized by long-period spectral 42 
content. 43 
Earthquake-reactivated landslides more commonly involve cohesive soils or debris; generally, it is 44 
possible to inventory these landslides as active or quiescent phenomena that can be recognized by 45 
typical landforms or historical chronicles that document their past (re)activations. Although these 46 
events are directly recognizable, a great effort is needed to evaluate how their stability conditions 47 
change due to earthquake occurrence as well as to quantify their co-seismic or post-seismic mobility 48 
in terms of their expected displacements. This difficulty depends on the complex interactions 49 
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between the seismic waves and the existing landslide mass, which is conditioned by several 50 
features, among which are the slope geometry, landslide mass properties, and physical 51 
characteristics of the seismic waves. 52 
According to the more traditional rigid or flexible sliding block methods (Newmark, 1965; Makdisi 53 
& Seed, 1978; Rathje & Bray, 2000), the maximum expected earthquake-induced displacements 54 
correspond to a resonant period due to the landslide mass thickness (Ts) equal to the characteristic 55 
period (Tm) of the seismic input (Rathje et al., 1998), which depends on the frequency content 56 
expressed by the fast Fourier transform (FFT). A characteristic period ratio Ts/Tm was introduced to 57 
describe such conditions, i.e., a maximum displacement is theoretically expected for a Ts/Tm ratio 58 
equal to 1.  Stress-strain numerical models by FEM and FDM codes can be focused on evaluating 59 
the landslide mass stability under seismic action and predicting both the co-seismic and post-60 
seismic earthquake-induced displacements. These analyses allow assuming that deformations can 61 
occur within the landslide mass and simulating more complex interactions between seismic waves 62 
and the slope by considering 2D geometric configurations. 63 
Recent studies have also focused on the effects of step-like slope geometries on the local seismic 64 
response (Bouckovalas & Papadimitriou, 2005; Lenti & Martino 2012; 2013). The results of these 65 
studies demonstrate that the differences among the displacements computed by Newmark’s 66 
approach and those computed by dynamic stress-strain numerical models are not negligible. In 67 
particular, the higher the slope angle is, the greater are the resulting differences for the same seismic 68 
input and for the same mechanical properties of the landslide mass from those computed by 69 
dynamic stress-strain numerical models. According to these results, the role of the 2D geometry 70 
(i.e., slope angle and landslide mass length) cannot be neglected for a better prediction of 71 
earthquake-induced landslide displacements. In particular, the landslide mass mobility is 72 
theoretically favoured (Hutchinson, 1994) by the characteristic period of the seismic input (Tm), 73 
which is double with respect to the period (Tl) associated with the length of the landslide mass itself 74 
(i.e., for a characteristic period ratio Tl/Tm equal to 0.5). According to this Characteristic Periods-75 
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Based (CPB) approach, the values of the expected earthquake-induced landslide displacements 76 
depend on a combination of 1D and 2D effects, these last ones related to the more complex 77 
interactions between the landslide mass and slope geometry. Numerical results (Lenti & Martino, 78 
2013) have demonstrated that upon increasing the energy of the input, the 2D effects become more 79 
significant, and the expected displacements are mainly related to the Tl/Tm ratio. On the other hand, 80 
the 1D resonance of the landslide mass is much more evident in the case of more gentle slopes than 81 
for steeper ones. 82 
In this study, the CPB approach was applied to provide the expected displacements of the Güevejar 83 
and Diezma landslides located in Andalusia (Southern Spain) (Fig. 1). Although they have similar 84 
geographical locations, the two landslides are characterized by different dimensions, slope 85 
geometries and local geological settings. 86 
The Güevejar landslide was historically reactivated (Jiménez Pintor & Azor, 2006) by the 1755 87 
Lisbon earthquake (Mw 8.5), with an epicentral distance greater than 500 km and by the 1884 88 
Andalusia earthquake (Mw 6.5), with an epicentral distance greater than 50 km (Fig. 1), although it 89 
was not re-activated by the numerous Mw > 5.0 local earthquakes with epicentral distances lower 90 
than 50 km that occurred during the same time interval (Rodriguez-Peces et al., 2011). Historical 91 
sources report that after the 1755 landslide reactivation (Sanz, 1997), up to 2 m opened cracks were 92 
observed; as a consequence of the earthquake-induced landslide movement, the old Güevejar 93 
village was moved to its actual location, i.e., SW from the landslide area (Fig. 2a, b). 94 
The Diezma landslide, man-induced by the construction of the A-92 Highway in 1991 (Fig. 2c), 95 
was triggered the first time by rainfalls but it was not triggered by earthquakes so far, although 96 
several reactivations are known prior to 2011 (Delgado et al., 2015) (Fig. 2d). Due to the state of 97 
activity of the landslide, earthquakes may further destabilize its mass and must be taken into 98 
account. The Diezma landslide is located in a region of moderate seismicity with a maximum peak 99 
ground acceleration (PGA) of approximately 0.16 g, for an expected return period of 475 years 100 
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(Martínez-Solares et al., 2013). However, no strong earthquakes (Mw greater than 5.0) have 101 
occurred within 50 km of the site since the generalized slope failure in 2001. 102 
 103 
Case studies 104 
Güevejar landslide 105 
The Güevejar landslide is located 10 km N of the city of Granada; it is approximately 1500 m in 106 
length and 540 m in width and covers an area of approximately 56 ha (Fig. 3). The elevation 107 
difference between the crown area and the landslide tip is approximately 130 m, and the average 108 
inclination of the slope is 13°; the sliding surface has an average depth of 50 m, and the 109 
estimated volume is approximately 30 Mm
3
. The landslide is characterized by a complex 110 
mechanism (Cruden & Varnes, 1996) consisting of a roto-translational sliding passing downhill 111 
to an earthflow that reaches the bottom of the valley, where it is eroded by the Bermejo river. 112 
Currently, the landslide is dormant (sensu WP/WLI, 1993), but it has well-preserved landforms, 113 
including a main scarp and three orders of counterslope terraces separated by secondary scarps, 114 
showing that it was active in the recent past. It involves Miocene to Pleistocene deposits that fill 115 
the Granada basin (IGME, 1988); more in particular, the stratigraphy of the site is characterized 116 
by a Neogene-Quaternary succession of marine deposits passing to continental ones. From 117 
bottom to top, these deposits include grey clays with silty and sandy levels (Upper Miocene), 118 
grey clays with gypsum levels (Upper Miocene), grey marls with lignite (Upper Miocene), red 119 
silts (Upper Miocene), lacustrine limestones and marls (Upper Miocene), and red silts with 120 
sandstone and conglomerate levels (Pliocene-Pleistocene). The landslide mass mainly contains 121 
Upper Miocene red silts and partially, corresponding to the crown area, lacustrine limestones 122 
and marls of the Upper Miocene. 123 
The geological cross-section (Fig. 4a), reconstructed along the Güevejar landslide mass using 124 
field survey evidence as well as 2 borehole stratigraphic logs, shows a monoclinal NW dipping 125 
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assessment of the Upper Miocene deposits. A fault line causes the marls with lignite to outcrop 126 
along the slope SE of the hill top. 127 
The engineering-geological model of the landslide (Fig. 4a, Table 1) was built by considering 128 
seismo-stratigraphies derived from 2 downhole tests specifically performed in drilled boreholes; 129 
data from f-k arrays, refraction microtremor tests (ReMi) and  multichannel analysis of surface 130 
waves (MASW) are available in technical reports possessed by the Junta de Andalusia 131 
administration. These investigations are shown in Fig. 3, while Fig. 5 reports the seismo-132 
stratigraphies corresponding to the S1 and S2 boreholes, which result from the down-hole tests, 133 
and the seismo-stratigraphies obtained from ReMi R7 and array f-k A5 are located along the 134 
section of Fig. 4. On the basis of the engineering-geological data and considering the 135 
distribution of shear wave velocity (Vs), the landslide mass can be divided into three portions 136 
(upper, middle and lower), distinguished in terms of Vs that range from 335 up to 700 m/s. In 137 
particular, the middle portion of the landslide mass is characterized by the highest Vs values. 138 
The seismic bedrock is encountered immediately below the landslide mass as the measured Vs 139 
exceeds 750 m/s, except for the lower portion of the hill slope where the earthflow is located. 140 
 141 
Diezma landslide 142 
The Diezma landslide is located 25 km NE of the city of Granada; although the slope had 143 
repeatedly suffered small-scale stability problems since the construction of the A-92 highway, a 144 
larger failure occurred on 18 March 2001, causing damage in several locations (Azañón et al., 145 
2010, Rodríguez-Peces et al., 2011; Delgado et al., 2015). The landslide had a main translational 146 
mechanism and involved an estimated volume of 1.2 Mm
3
, composed of a chaotic deposit of silt 147 
and clay with heterometric blocks of limestone ascribable to the Numidoide Formation 148 
(Aquitanian-Burdigalian). Despite the 18 million Euros spent since 1999 on geotechnical 149 
investigations and stabilization solutions (Delgado et al., 2015), the numerous reactivations that 150 
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occurred through 2013 demonstrate the persistency of the landslide activity. 151 
Delgado et al. (2015) proposed an engineering-geological model for this landslide (Figs. 4b and 152 
6). For their study, they employed stratigraphic logs of 34 boreholes drilled in several 153 
campaigns from 1999 to 2012 and correlated them. These data were also correlated with ground 154 
surface observations. As can be observed from a geological cross-section reconstructed along 155 
the slope, the landslide involves the Numidoide Formation only, and the sliding surface has a 156 
maximum depth of 25 m.  Based on specifically performed downhole tests (Fig. 5) as well as f-k 157 
array and MASW data, available from technical reports owned by the Junta de Andalusia 158 
administration, an average Vs of 300 m/s can be attributed to the landslide mass, while the 159 
seismic bedrock corresponds to the Numidoide Formation, as it is characterized by Vs higher 160 
than 750 m/s (Table 1).   161 
 162 
Seismic measurements for local seismic response 163 
Güevejar  164 
Several geophysical campaigns of seismic noise were performed in the Güevejar landslide site 165 
over three years starting in September 2011 to investigate the main resonance frequency (fres) of 166 
the landslide debris overlaying the stiff bedrock. If a theoretical 1D resonance model is 167 
assumed, the expected fres value corresponds to the ratio Vs/4H, i.e., related to the thickness (H) 168 
as well as to the seismic wave velocity (Vs) of the landslide mass; nevertheless, if 2D local 169 
amplification conditions exist, they can significantly modify the theoretical fres value (Semblat 170 
et al. 2002a, b). The 45 noise stations  were equipped with a Guralp CMG-6TD three-171 
component broadband seismometer, and the records were processed by GEOPSY software 172 
(release 2.7.4; Whatelet et al., 2011) according to the SESAME Working Group (2004) 173 
standards. The horizontal over vertical spectral ratios (HVSR) were derived according to the 174 
approach of Nakamura (1989), as well as the HVSR azimuthal distribution. The noise 175 
Page 7 of 47 Geophysical Journal International
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
    
           8 
  
measurements have an average duration of 30 minutes and were repeated at different hours and 176 
days; moreover, for a part of the stations, the measurements were also repeated by recording 177 
continuously for 5 hours. The stations were distributed within and outside the landslide mass; 178 
nevertheless, as seen from the data processing, no HVSR peaks can be observed, neither in the 179 
landslide area nor outside. Based on these results, no stratigraphic resonance can be associated 180 
with the landslide mass. 181 
A temporary seismometric array was also installed in the landslide area (Fig. 3), composed of 4 182 
stations within the landslide mass (CM, PN, PS, GR), a station very close to the eastern flank of 183 
the landslide (MN) and one reference station (sensu Borcherdt, 1994) located outside the 184 
landslide mass on outcropping bedrock (CG). The array operated from May 2012 until February 185 
2013, recording 40 earthquakes (Table 2), with Mw ranging from 1.1 to 8.0 and epicentral 186 
distances varying from 12 up to thousands of km, and 24 earthquakes were recorded at the 187 
reference station (CG). The recorded earthquakes were processed to obtain receiver functions, 188 
HVSR (Field & Jacob, 1995), and standard spectral ratios, SSR (Borcherdt, 1994), to the 189 
reference station. The receiver functions (Fig. 7) are in very good agreement with the HVSRs 190 
from the 5-hour noise records and confirm that no significant seismic peaks due to stratigraphic 191 
resonance exist in the landslide area. The SSRs (Fig. 8) indicate that significant amplification 192 
exists between 3-5 Hz, which becomes more intense upon moving from the upper to the lower 193 
portion of the landslide mass (i.e., from CM to PS and PN) and from the internal portion to the 194 
flanks (i.e., from CM to GR and from PS to MN). 195 
  196 
Diezma  197 
Three geophysical campaigns of seismic noise measurements were performed in the Diezma 198 
landslide slope since November 2012. The 28 measurement stations (Fig. 9) were equipped with 199 
a Guralp CMG-6TD three-component broadband seismometer. The noise records have an 200 
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average duration of 45 minutes and were collected during night hours to avoid disturbances due 201 
to highway traffic (Delgado et al., 2015). The seismic noise records were processed by 202 
GEOPSY software (release 2.7.4; Whatelet et al., 2011) according to the SESAME Working 203 
Group (2004) standards. The HVSRs were derived according to the approach of Nakamura 204 
(1989), as well as the HVSR azimuthal distribution.  205 
The analysis of the noise records (Fig. 9) demonstrates that the landslide mass is characterized 206 
by a clear resonance frequency in the range of 4-5 Hz that is not present outside the landslide 207 
mass. Moreover, the HVSR amplitudes generally decrease from the middle portion of the 208 
landslide mass towards the boundaries and are significantly reduced at the bottom of the slope, 209 
where a lower impedance contrast can be related to the rock fill behind the concrete wall that 210 
was constructed in 2001 to stabilize the roadway trench. Based on the azimuthal HVSR graphs 211 
of Fig. 9, no significant anisotropy of ambient noise field can be observed in the landslide mass.   212 
 Moreover, considering the mid-slope position of the landslide mass and the slope inclination 213 
angle lower than 15°, topographic amplification/de-amplification effects can be neglected with 214 
respect to the resonance of the landslide mass itself (Lenti & Martino, 2012; 2013). Based on 215 
the peak frequencies retrieved from the noise and the landslide thickness from the engineering-216 
geology model, the landslide mass should be characterized by a Vs value of approximately 300 217 
m/s. This value is confirmed by downhole measurements performed specifically for this study in 218 
the landslide area, compared to the available MASW (Fig. 5). Similarly to the Güevejar test site, 219 
a temporary seismometric array was installed on the landslide slope to evaluate the local seismic 220 
response by using the receiver functions, HVSR (Field & Jacob, 1995), and the standard 221 
spectral ratios, SSR (Borcherdt, 1994), from weak motions (Fig. 6). 222 
In addition, 4 seismometric stations were equipped with Guralp CMG-6TD three-component 223 
broadband seismometers connected to GPS for absolute timing. These stations were active for 224 
almost 7 months (from June 2013 to December 2013); 3 stations (CN, CT, CS) were located 225 
within the landslide mass, and the last one was outside in a reference site (CE), i.e., 226 
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characterized by outcropping bedrock and without seismic amplification as occurred in the noise 227 
measurements. This temporary array recorded 17 earthquakes in total (Table 3), with Mw 228 
ranging from 2.1 to 7.3 and epicentral distances varying from 13 to thousands of km. Both the 229 
HVSRs (Fig. 10a) and the SSRs (Fig. 10b) confirm the evidence resulting from the noise 230 
HVSRs: i) a significant seismic amplification exists within the landslide mass at 3-5 Hz, ii) 231 
lower amplification levels correspond to the southern portion of the mass ,which is located at 232 
the bottom of the slope; iii) no amplification exists outside the landslide mass.   233 
 234 
Numerical models 235 
2D numerical modelling was performed by the finite difference code FLAC 7.0 (Itasca, 2011), 236 
i.e., adopting an explicit time-marching solution in double precision. The FLAC formulation is 237 
conceptually similar to that of dynamic relaxation proposed by Otter et al. 1966, with 238 
adaptations for arbitrary grid shapes, large strains and different damping. The finite difference 239 
scheme follows the approach of Wilkins (1964).  Modelling was performed to simulate the local 240 
seismic response (LSR) of the two landslide slopes as a preliminary stage before evaluating the 241 
expected landslide mass mobility (LMM) under dynamic conditions. The collected geophysical 242 
data were taken into account to validate the numerical outputs; the engineering-geological 243 
models, reconstructed along the landslide masses, were transposed into numerical domains. 244 
More in particular, a square grid (800x180) with a resolution of 2.5 m and a square grid 245 
(573x210) with a resolution of 1.5 m were used for the Güevejar and Diezma landslides, 246 
respectively. The adopted resolutions are suitable to obtain a corresponding maximum 247 
admissible frequency for the model f = VS/(n∆l) (Kuhlemeyer & Lysmer, 1973), where VS is the 248 
minimum shear-wave velocity, ∆l is the maximum nodal distance within the model, which is 249 
consistent with the frequency range of interest, and n is the number of nodes per wavelength, 250 
varying from 6 up to 10. The total width and height of the mesh are greater than twice the 251 
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dimension of the slope to minimize the effects of artificial wave reflections from the boundaries. 252 
Quiet boundary conditions were applied at the base of the mesh (Kuhlemeyer & Lysmer, 1973), 253 
and free-field conditions were applied at the lateral boundaries (Cundall et al., 1980). 254 
For each model, an initial geostatic stress field was computed with the assumption of strain-255 
plane conditions; in the dynamic configuration, the seismic inputs were applied in the form of 256 
vertical upward-propagating SV stress waves. 257 
With respect to the rheology used, nonlinear unstable dynamic behaviour was modelled 258 
considering more conservative perfectly plastic conditions controlled by a Mohr-Coulomb yield 259 
criterion, i.e., by assuming that the limit state conditions were related to the strength properties 260 
of the soil.  According to the literature (Cetin et al., 2004; Zhai et al., 2004; Lenti & Martino, 261 
2013), this solution is reliable because a generalized rheological model for simulating nonlinear 262 
unstable conditions under dynamic conditions (i.e., out of the nonlinear stable strain range) is 263 
not yet available for finite difference numerical solutions, so the generation of pore water 264 
pressures and the consequent dependence of the damping on the number of dynamic cycles were 265 
not considered here.  266 
Moreover, if the local stress results are lower than the volumetric threshold, a viscous rheology 267 
was implemented by two different stress strain behaviours: 1) a linear behaviour (VL), assuming 268 
constant values for both stiffness (G) and damping (D), and 2) a nonlinear behaviour (VNL), 269 
solved by taking into account the decay of the G value and the increase of the D value 270 
corresponding to the strain level.   271 
Towards this aim, specific laboratory tests were performed at the IFSTTAR laboratory (Paris, 272 
Marne la Vallé - France) and at the Engineering Geology laboratory of the Department of Earth 273 
Sciences of the University of Rome “Sapienza” (Rome, Italy) on samples from the Upper 274 
Miocene red silts of the Güevejar landslide site and from the Numidoide Formation of the 275 
Diezma landslide site. As a result of these tests, the sample from the Upper Miocene red silts of 276 
Güevejar site are classified as low-compressibility clay (CL) according to the Unified Soil 277 
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Classification System (USCS), with a liquid limit of 30.3% and a plasticity index of 15.1%, 278 
while the sample from the Numidoide Formation of Diezma is classified as high-compressibility 279 
clay (CH) following the USCS classification, with a liquid limit of 52.5% and a plastic index of 280 
26.7%. Shear strength parameters were derived for isotropically confined drained triaxial tests 281 
(CDI-TX) and isotropically confined drained triaxial tests (CUI-TX) following the standard 282 
ASTM D4767-04. For the red silts of Güevejar, the friction angle and cohesion from CDI-TX 283 
are 20° and 0 kPa, while those from CUI-TX are 9° and 50 kPa. For the Numidoide Formation 284 
of Diezma, strength parameters are already available from literature data (Delgado et al., 2015). 285 
Dynamic tests were performed at the resonant column (RC) following the standard ASTM 286 
D4015-92; the samples were isotropically confined in the pressure range 50 – 200 kPa, 287 
representing the in situ lithostatic conditions, and the decay curves obtained for the normalized 288 
shear modulus (G/G0) and percentage damping (D%) are reported in Fig. 11. According to these 289 
tests, the initial dynamic shear moduli (G0) at 200 kPa are 91 MPa (Vs0 = 232 m/s) and 63 MPa 290 
(Vs0=177 m/s) for the red silts of Güevejar and the Numidoide Formation of Diezma, 291 
respectively. 292 
Energy dissipation was computed using a Rayleigh damping function (Zienkiewicz, 2005; 293 
Semblat & Pecker; 2009) and defining a viscosity matrix (C) as a linear combination of a mass-294 
dependent term and a stiffness-dependent term in the form 295 
C=αM+βK,           (1), 296 
where α is the constant for the mass matrix (M), and β is the constant for the stiffness matrix 297 
(K). This dissipation function implies a minimum damping at the circular frequency 298 
 ωmin= (α/β)
1/2
,           (2) 299 
 for which the subsequent damping is 300 
 ξmin= (αβ)
1/2
. 301 
The minimum circular frequency, ωmin, corresponds to the minimum of the Rayleigh damping 302 
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function, while the value of the minimum damping, ξmin (equal to (2Qmax)
-1
, where Q is the 303 
quality factor of the material), varies as a function of the shear strain according to the adopted 304 
dynamic behaviour of the soil. According to laboratory tests, in the case of Güevejar, the 305 
assumed ξmin for the VL rheology is 0.008 and 0.05 for the bedrock and soft soils, respectively, 306 
and in the case of Diezma, the assumed ξ min for the VL rheology is 0.005 and 0.02 for the 307 
bedrock and soft soils, respectively. For the VNL rheology, the ξ for the soft soil varies up to 308 
0.2, depending on the strain level. For both the VL and VLN rheologies, the ωmin was fixed at 3 309 
to guarantee an almost flat Rayleigh damping function in the frequency range of interest (1-10 310 
Hz). 311 
 312 
LSR modelling  313 
In the case of the Güevejar landslide the LSR 2D numerical modelling was carried out under 314 
two conditions: i) considering a homogeneous bedrock only and ii) considering the presence of 315 
the landslide mass and the local geological setting. The first condition was assumed to 316 
investigate only the effects due to the hill slope topography. The numerical amplification 317 
function A(f) was computed at each grid node of the numerical domain surface by the spectral 318 
ratio between the local numerical accelerometric output and that considered on the outcropping 319 
bedrock (i.e., selected close to the latter boundary of the model). The A(f) values were 320 
contoured all along the surface of the numerical domain to obtain an A(f)x distribution (Fig. 12). 321 
If the geological setting is considered, seismic amplification results in correspondence to the 322 
landslide mass in the wide 1.5 – 4 Hz frequency range (Fig. 12a). Fig. 13 shows the normalised 323 
SSRs obtained from recorded earthquakes and from numerical modelling to better compare the 324 
shape of the amplification functions. As it results,  the SSRs from numerical modelling are in 325 
very good agreement with the SSRs from earthquakes at stations PN and PS, representative of 326 
the internal portion of the landslide mass (Fig. 13a). On the other hand, the numerical results at 327 
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the same stations show significant differences from those derived by the SSRs at frequencies 328 
lower than 1.5 Hz; this output can be justified by considering the A(f)x function and the 329 
particular location of the considered stations, which is between the lower and middle portions of 330 
the landslide mass. Based on the 2D modelling, a relevant decrease in A(f) can be observed 331 
moving upslope from PN to PS at lower frequencies (<2 Hz); nevertheless, a best fit could be 332 
probably reached by introducing a further lower-impedance contrast zone below the secondary 333 
sliding surface located between PN and PS. Because such a solution could not be supported by 334 
the geological evidence as well as by the available geophysical data, it was preferred not to 335 
force the model towards an only numerical convergence solution. In the case of the 336 
homogeneous domain, a low-amplification effect is visible in a 2-4 Hz frequency range at the 337 
hill top and in correspondence to the flat counterslope due to the main terrace of the landslide 338 
(Fig. 12b). Several deamplification bands are also visible in the A(f)x function, where the hill 339 
slope inclination increases to approximately 25°.  340 
In the case of the Diezma landslide, the 2D LSR numerical modelling was performed only by 341 
considering the complex geological setting of the slope, as no significant amplification can be 342 
expected for the gently dipping topography. The resulting A(f)x (Fig. 14) reveals high 343 
amplification in correspondence to frequency ranges that significantly vary upon moving from 344 
the top (4-8 Hz) to the middle (3-5 Hz) to the base (4-10Hz) of the slope. In this case, also, the 345 
numerical amplification functions are in good agreement with the SSRs from the earthquake, in 346 
particular for stations CN, CT and CS, located at the top, middle and base zones of the slope, 347 
respectively (Fig. 13b).  348 
 349 
LMM numerical analysis  350 
The LMM analysis under dynamic conditions was performed by applying several inputs to the 351 
numerical models of both the Güevejar and Diezma landslides and computing the displacement 352 
fields induced within the landslide mass. Towards this aim, a customized script written for 353 
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managing the numerical results distinguished between the displacements inside and outside the 354 
landslide mass and computed the movement to quantify the effective horizontal displacement 355 
(x-disp) with respect to the substratum. Moreover, according to Lenti & Martino (2013), the x-356 
disp values were defined considering different percentages of the landslide mass with the largest 357 
displacements (i.e., 5%, 15%, 30%, 50% and 100%). 358 
The seismic inputs for the numerical models were derived by selecting 15 accelerometric 359 
records of the European database integrated with records from the K-NET and COSMOS 360 
databases (Table 4). These inputs are characterized by the Arias intensity (AI) on the order of 361 
0.01 m/s and different values of the characteristic period, Tm, ranging from 0.3 to 16.5 s. 362 
Depending on the proper landslide dimensions, the computed Ts  is equal to 0.5 s and 0.2 s for 363 
the Güevejar and Diezma landslides, respectively, while Tl  is equal to 2.6 s and 1.3 s. As a 364 
consequence, the values of the Ts/Tm ratio are in the range of 0.03 – 2.63 for the Güevejar 365 
landslide and 0.05 – 2.5 for the Diezma landslide, while the values of the Tl/Tm ratio are in the 366 
ranges of 0.16 – 13.68 f and 0.33 – 16.63, respectively. 367 
To perform the LMM analysis, the time histories of the selected inputs were scaled to have AI 368 
values of 0.001 and 1 m/s without modifying the Tm; in this way, 36 inputs where available for 369 
each landslide, representative of three energy levels in a wide range of Tm values. Moreover, to 370 
perform the dynamic modelling, an equivalent signal was associated with each selected input 371 
according to the LEMA_DES (Leveled-Energy Multifrequential Analysis for deriving Dynamic 372 
Equivalent Signals) approach by Lenti & Martino (2010). The LEMA_DES procedure generates 373 
a sequence of functions and signals that 1) provide for the selection of characteristic frequencies 374 
from a smoothed Fourier spectrum of a reference accelerogram; 2) achieve a null integral over 375 
the entire duration of the final signal and a spectral density that is negligible at frequencies 376 
lower than the minimum characteristic one, and 3) produce a resulting multifrequential dynamic 377 
equivalent signal that is energy-equivalent to the reference signal, best-fitted in terms of the 378 
PGA via an iterative procedure performed on the number of equivalent cycles and whose time 379 
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duration is significantly shorter than that of the reference signal. The use of this approach in 380 
dynamic numerical modelling guarantees (Lenti and Martino, 2010) i) checking that the 381 
frequency content of the derived signals is defined within a representative/admissible range; ii) 382 
avoiding exceeding the upper-threshold frequency in the modelling; iii) narrowing the energy 383 
gap between the real and simulated seismic actions; iv) controlling the maximum intensity of 384 
the adopted action; and v) reducing the computational time (especially in the case of parametric 385 
analyses, where a high number of iterations are requested), as the equivalent input is typically 386 
shortened with respect to the reference. 387 
Following the CPB approach, the obtained results were plotted on graphs showing the computed 388 
x-disp for each applied input, corresponding to the characteristic ratios Ts/Tm and Tl/Tm. These 389 
distributions allow discussing the roles of both the 1D resonance and the 2D input-slope 390 
interaction in the induced displacements, as they are related to the Ts/Tm and Tl/Tm, respectively. 391 
 392 
 Discussion  393 
The results obtained from the LMM analysis for the Güevejar and Diezma landslides highlight 394 
significant differences in the earthquake-induced effects on the landslide mass. 395 
In the case of the Güevejar landslide (Fig. 15), for each AI value, the maximum displacements 396 
are achieved for a Tl/Tm ratio lower than 2 and a Ts/Tm ratio lower than 0.5. According to the 397 
theory, this means that the role of the 2D interactions between the landslide mass and seismic 398 
waves is more relevant with respect to the landslide 1D resonance. Such a finding is in 399 
agreement with i) the historical reactivations of the landslide, which occurred for high-400 
magnitude far earthquakes and not for middle-magnitude nearby earthquakes; ii) the HVSRs 401 
from noise and earthquake records that reveal that no 1D resonance exists in the landslide mass; 402 
iii) the results of the 2D numerical modelling and of the SSRs from earthquakes that reveal a 403 
moderate local seismic amplification. 404 
The maximum expected displacements for the Güevejar landslide are in the range of 1 - 10 cm 405 
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for the considered range of AI values. These values seem reliable if compared with data 406 
reported by Sanz (1997) and referred to the 1755 Lisbon earthquake, as the observed crack 407 
opening due to the landslide reactivation was almost 50 cm 1 day after the mainshock and 408 
reached almost 3 m after 10 days. Such a delayed displacement can be referred to the post-409 
seismic inertial and creep movement of the landslide mass (Ambraseys & Srbulov, 1995), while 410 
the co-seismic displacement of the landslide should be lower than 50 cm.  411 
With respect to uncertainties about the historical movements of the Güevejar landslide, 412 
historical data do not inform about possible changes in the groundwater level or in the discharge 413 
of springs in the area of the landslide. In contrast, they are clearly described at other sites, 414 
especially in the epicentral area. This leads to the supposition that no significant changes could 415 
occur, so its possible effect on the stability of the slope may be ignored. Furthermore, even if the 416 
movement of the Güevejar landslide is well documented for both the 1755 Lisbon and 1884 417 
Andalusia earthquakes, the historical occurrence itself introduces uncertainties about the real 418 
location of the hypo/epicentres; nevertheless, in both cases, the approximate location of the 419 
epicentral areas may be outlined from historical data. In the case of the 1755 Lisbon earthquake, 420 
given the well-documented tsunami triggered in the Atlantic Ocean and the great damage 421 
produced in S Portugal, several authors proposed that its source should be located S of Portugal, 422 
in the Atlantic Ocean (Martínez Solares, 2001; Barkan et al., 2009). As a consequence, the 423 
epicentral distance to the landslide is several hundreds of kilometres, and there is no doubt that 424 
the landslide occurred very far from the epicentral area with respect to the available upper-425 
bound curves (Rodriguez et al., 1999). In the case of the 1884 Andalusia earthquake, there were 426 
several scientific groups of different nationalities (Spanish, French and Italian commissions) 427 
that visited the zone immediately after the earthquake and compiled data on damage and ground 428 
effects. Several historical reports (Fernández de Castro et al, 1885; Taramelli and Mercalli, 429 
1886; among others) describe where large ground failures are, delineating a zone approximately 430 
20 km long that has been interpreted as a coseismic surface rupture (Muñoz and Udías, 1980). 431 
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Historical data for the 1884 Andalusia earthquake are therefore abundant and allowed the 432 
creation of a detailed isoseismal map 433 
(http://www.ign.es/ign/resources/sismologia/NERIES/query_eq/index.htm) that allows locating 434 
the epicentral area at the SW border of the Granada basin, approximately 40-50 km from the 435 
Güevejar landslide. More recently, active tectonic studies done in the zone show that the 436 
coseismic displacement associated with the Ventas de Zafarraya Fault (VZF) is the causative 437 
fault of the 1884 earthquake (Reichert et al., 2003). 438 
 439 
In the case of the Diezma landslide, at the lowest AI values the maximum earthquake-induced 440 
displacements result for Tm close to the landslide mass resonance period (i.e., to a Ts/Tm ratio 441 
almost equal to 1, Fig. 16). This result is in agreement with ii) the HVSRs from noise and 442 
earthquake records, the SSRs from earthquakes and the 2D numerical modelling that reveal a 443 
significant seismic amplification related to the resonance of the landslide mass. 444 
On the other hand, for increasing AI (up to 1 m/s) the maximum computed displacements result 445 
for long period signals, i.e., whose Tm is almost equal to 2Tl. Moreover, the higher the AI is, the 446 
more relevant is the role of 2D interactions between landslide mass and seismic waves. This 447 
result should indicate that in case of strong motion the Diezma landslide could be displaced 448 
more intensely by long period earthquakes, i.e., with Tm significantly lower than the landslide 449 
Ts. 450 
As demonstrated in the theoretical study done by Lenti & Martino (2013), at low Ts/Tm ratios 451 
and at high AI values (i.e., greater than 1 m/s), the traditional sliding block methods (following 452 
Newmark’s approach), which do not account for the bi-dimensional propagation of seismic 453 
waves, predict earthquake-induced displacements lower than those predicted by the dynamic 454 
numerical models. 455 
Compared with the theoretical results for a rototranslational landslide occurring on a 15° 456 
dipping slope under linear conditions (Lenti & Martino, 2013) the x-disp computed for the 457 
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Diezma landslide are generally in very good agreement with the expected values (Fig. 16). On 458 
the other hand, in the case of the Güevejar landslide (Fig. 17) the theoretical solutions 459 
overestimate the expected x-disp at the highest AI (≥0.1 m/s); this can be related to the lower 460 
dip of the slope as well as to the nonlinearity related to the decay curves reported in Fig. 10, 461 
which occur at lower shear strain levels than for the Diezma landslide. 462 
 In the graphs of Figs. 15 and 16, the displacement values from the traditional sliding block 463 
methods correspond to Ts/Tm=Tl/Tm=0, as they were obtained according to literature co-464 
relations (Lenti and Martino, 2013 and references therein) existing among the critical 465 
pseudostatic coefficient of the landslide, the PGA and/or the AI value of the input, i.e., 466 
independent of its spectral content. These differences are justified because the traditional 467 
approaches cannot consider the increasing displacements at low Tl/Tm ratios, i.e., related to 468 
seismic wave propagation within the landslide mass with a predominant half-period very close 469 
to the length of the landslide mass. 470 
It is notable that in the case of Güevejar landslide, the Newmark’s displacements are negligible 471 
for all the considered AI values of the inputs; on the other hand, in the case of the Diezma 472 
landslide, the Newmark’s displacements increase from less than 0.001 m up to 0.03 with the 473 
increasing AI of the inputs.   474 
The relevance of this study consists of the experimental work performed by considering two 475 
actual (not theoretical) landslides that are very different with respect to the involved volumes, 476 
dimensions, material properties and expected triggering conditions. The differences observed in 477 
the two case studies, in terms of both the surveyed experimental data and numerical modelling 478 
results, may be strictly related to the geometric and mechanical variables of the problem. More 479 
generally, these findings show that deterministic approaches are suitable if high-resolution 480 
provisions in terms of expected earthquake-induced displacements are requested. Such a 481 
consideration is particularly relevant because the displacements computed by the conventional 482 
sliding block methods do not necessarily overestimate the expected landslide movements 483 
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respect to the CPB approach presented here. 484 
 485 
Conclusions 486 
This study proposes an application of a CPB approach to evaluate the earthquake-induced 487 
displacements of landslides by stress-strain dynamic numerical modelling, i.e., not assuming a 488 
rigid sliding block condition. This approach consists of computing the displacements cumulated 489 
within the landslide mass and relating them to the ratios between the characteristic periods of the 490 
landslide masses (Ts and Tl) that are related to their thickness and length, respectively, and that 491 
(Tm) of the seismic signal. Two landslides located in southern Spain were considered: the 492 
Güevejar landslide, which is approximately 1 km length, was re-activated by historical 493 
earthquakes and exemplifies a very large unstable mass that can interact with long to very long 494 
period seismic waves (i.e., >2.6s). The Diezma landslide is approximately 400 m length, was 495 
man-induced and has not yet been re-activated by earthquakes; it exemplifies a large landslide 496 
that can interact with shorter-period waves  (i.e., >1.3s). Depending on the landslide mass 497 
thickness, the Güevejar landslide is characterized by a resonance period close to 0.5 s, while the 498 
Diezma landslide is characterized by a 0.2 s resonance period. According to the numerical 499 
modelling outputs, for the Güevejar landslide, the maximum displacements are expected for 500 
inputs having a Tl/Tm ratio very close to the theoretical value of 0.5 for each AI level, while no 501 
relevant effects are related to inputs with a theoretical value of Ts/Tm close to 1. This is 502 
confirmed by the negligible amplification due to the landslide mass resonance that was recorded 503 
by in situ geophysical investigations. On the other hand, for the Diezma landslide, maximum 504 
displacements are expected for inputs having a Tl/Tm ratio very close to the theoretical value of 505 
0.5 at the highest AI level (on the order of 1 m/s) and for inputs having a Ts/Tm ratio very close 506 
to the theoretical value of 1 for the lower AI levels (on the order of 0.1-0.01 m/s). Such a result 507 
is in very good agreement with the geophysical evidence of a high amplification existing within 508 
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the landslide mass and related to its resonance. 509 
The comparison between the two landslide case studies demonstrates the relevance of the role of 510 
length in the case of km-scale landslides in terms of the effects expected by the interaction with 511 
seismic waves, while, on the other hand, the landslide mass resonance, mainly related to its 512 
thickness, plays a more significant role in the case of hm-scale landslides. In both the 513 
considered case studies, the more conventional Newmark’s approach significantly 514 
underestimates the earthquake-induced displacements, even if flexible bock conditions are taken 515 
into account. 516 
These findings encourage the use of a CPB approach, particularly for the deterministic analysis 517 
of earthquake-induced displacements, i.e., in the case of a single landslide study. On the other 518 
hand, such an analytical approach is less suitable in the case of more extensive analyses of 519 
earthquake-induced landslide displacements (i.e., referring to numerous events inventoried in a 520 
wide region), as several numerical solutions are necessary due to the use of different seismic 521 
inputs (i.e., by characteristic ratios, Tl/Tm and Ts/Tm, varying over a suitable range). In this case, 522 
based on these reported results, the landslide dimensions should be taken into account to 523 
guarantee a more conservative approach for computing the earthquake-induced expected 524 
displacements, i.e., to select inputs with the most critical characteristic periods. 525 
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Figures and Tables 682 
 683 
Fig. 1 –  Locations of the Güevejar and Diezma landslide in the Andalusia region (Southern Spain). 684 
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 686 
Fig. 2 – Reactivation of the Güevejar landslide during the 1884 Andalusia earthquake as 687 
documented by a painting of an unknown author (a) (painting from Meléndez and Fuster, 1966) 688 
and by a picture recovered at the French National Library (b). Diezma landslide failure occurred 689 
during the construction of the A-92 highway, (c) and the reactivation of the landslide occurred 690 
in 2013 (d). 691 
 692 
 693 
Page 29 of 47 Geophysical Journal International
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
    
           30 
  
 694 
 695 
Fig. 3 – Geological map of the Güevejar landslide area (geographic coordinates are provided in 696 
UTM-ED50 reference system):  1) red silts, sands and conglomerates (Plio-Pleistocene), 2) 697 
Lacustrine limestones (a) and marls (b) (upper Miocene), 3) red silts with cemented 698 
conglomerates (upper Miocene), 4) grey clays with gypsum, silts and marls with lignite (upper 699 
Miocene), 5) urbanised areas, , 6) slope debris, 7) earthflow, 8) fault (dashed if supposed), 9) 700 
attitude of strata (dip range from 12° to 25°), 10) main landslide scarp, 11) Güevejar landslide 701 
mass,  12) trace of geological cross section, 13) seismometric station, 14) seismic array, 15) 702 
ReMi, 16) borehole.  703 
 704 
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 705 
 706 
Fig. 4 – a) Geological cross-section of the Güevejar landslide. Labels of the lithotechnical units of 707 
Table 1 are also reported: 1) red silts, sandstones and conglomerates (Plio-Pleistocene), 2) 708 
Lacustrine limestone and marls (upper Miocene), 3) red silts with cemented conglomerates 709 
(upper Miocene), 4) grey clays with gypsum, silts and marls with lignite (upper Miocene), 5) 710 
Güevejar landslide mass, 6) fault, 7) conformity, 8)  unconformity, 9) sliding surface of the 711 
landslide, 10) seismometric station of the temporary array, 11) seismic array, 12) ReMi, 13) 712 
seismo-strata limits. Vs (m/s) profiles from ReMi are also projected along the section. b) 713 
Geological-cross section of the Diezma landslide. Labels of the lithotechnical units of Table 1 714 
are also reported: 1) Diezma landslide mass, 2) Numidoide Formation (Aquitanian-Burdigalian), 715 
3) Formations of the Maláguide domain (Devonian – Triassic), 4) sliding surface of the 716 
landslide, 5) borehole, 6) inclinometer, 7) seismic array, 8) seismometric station of the 717 
temporary array. 718 
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 719 
Fig. 5 – Vs- logs  derived from borehole tests specifically performed at Güevejar (S1, S2) and 720 
Diezma (S3, S4) landslides. The results of ReMi R7 and f-k array A5 performed at Güevejar are 721 
also reported. See Figs. 3, 4 and 6 for data locations. 722 
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 727 
Fig. 6 – Geological map of the Diezma landslide area (the geographic coordinates are provided in 728 
UTM-ETRS89 reference system): 1)  Numidoide Formation (Aquitanian-Burdigalian), 2)  729 
Limestones of the Dorsal domain (Eocene), 3) Formations of the Maláguide domain (Devonian 730 
– Triassic), 4) slope and landslide debris, 5) ground cracks observed since 1998, 6) Diezma 731 
landslide mass, 7) spring, 8) track, 9) main roads, 10) drainage line, 11)  trace of geological 732 
cross section, 12) seismometric station, 13) inclinometer, 14) borehole (1999-2009); 15) new 733 
boreholes (2012). 734 
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 735 
 736 
 737 
 738 
Fig. 7 – Average HVSRs +/- standard deviations obtained from earthquakes recorded by the 739 
Güevejar temporary seismometric array. The HVSRs from 5-hour noise measurements are also 740 
reported. 741 
 742 
 743 
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 744 
 745 
Fig. 8 - Average SSRs +/- standard deviations obtained from the earthquakes recorded by the 746 
Güevejar temporary seismometric array. The SSRs from numerical modelling by FLAC code 747 
are also plotted.  748 
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 750 
Fig. 9 - Location of the noise measurements performed in the Diezma landslide area on a Google 751 
Earth satellite view (modified from Delgado et al., 2015). The HVSR-rotate plots and standard 752 
outputs (SESAME, 2004) from GEOPSY software are also reported. 753 
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 754 
Fig. 10 – a) Average HVSRs +/- standard deviations obtained from the earthquakes recorded by the 755 
Diezma temporary seismometric array. b) Average SSRs +/- standard deviations obtained from 756 
the earthquakes recorded by the Diezma temporary seismometric array. 757 
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 760 
Fig. 11 – Normalised decay curves, G/G0 and D/D0, obtained from resonant column tests performed 761 
at the IFSTTAR laboratory on the red silts (a) and on the Numidoide Formation (b) sampled 762 
from the Güevejar and Diezma landslide areas, respectively. 763 
 764 
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 766 
Fig. 12 – a) Engineering-geological cross-section of the Güevejar landslide (see Fig. 4a for the 767 
legend); A(f)x functions obtained by LSR 2D numerical modelling of the Güevejar landslide 768 
slope by considering the local geological setting (a) and the homogeneous slope (b). Location of 769 
receivers are mapped in Fig. 3. 770 
 771 
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 772 
Fig. 13 – Numerical A(f) compared with the SSRs from earthquake records at Güevejar (a) and 773 
Diezma (b) landslides. Locations of receivers are reported in Figs. 3 and 6 for Güevejar and 774 
Diezma respectively. 775 
 776 
 777 
 778 
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 780 
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 781 
Fig. 14 - a) Engineering-geological cross-section of the Diezma landslide (see Fig. 4b for the 782 
legend); A(f)x function obtained by LSR 2D numerical modelling of the Diezma landslide slope 783 
by considering the local geological setting. Locations of receivers are mapped in Fig. 6. 784 
 785 
 786 
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 788 
Fig. 15 – x-disp vs. Tl/Tm and Ts/Tm characteristic ratios obtained for the Güevejar landslide (solid 789 
black line) by considering AI values varying from 0.01 up to 1 m/s. Only results referred to 5% 790 
(upper row) and 100% (lower row) of the landslide mass are here reported. The theoretical 791 
values from Lenti & Martino (2013) are also plotted (dashed lines), referred to a 15° dipping 792 
slope and a rototranslational landslide mechanism. 793 
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 795 
Fig. 16 - x-disp vs. Tl/Tm and Ts/Tm characteristic ratios obtained for the Diezma landslide (solid 796 
black line) by considering AI values varying from 0.01 up to 1 m/s. Only results referred to 5% 797 
(upper row) and 100% (lower row) of the landslide mass are here reported. The theoretical 798 
values from Lenti & Martino (2013) are also plotted (dashed lines), referred to a 15° dipping 799 
slope and a rototranslational landslide mechanism. 800 
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 802 
Table 1 – Dynamic properties of the lithotechnical units distinguished in the Güevejar and Diezma 803 
landslide areas and derived from in situ geophysical investigations.  804 
 805 
Page 44 of 47Geophysical Journal International
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
    
           45 
  
 806 
Table 2 – Earthquake recorded by the temporary seismometric array at Güevejar. The recording 807 
stations are also reported. The data sources are IGN (Instituto Geográfico Nacional, Spain); 808 
INGV (Istituto Nazionale di Geofisica e Vulcanologia, Italy); USGS (United States Geological 809 
Survey, US); and NEIC (National Earthquake Information Center, US). 810 
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 813 
Table 3 – Earthquake recorded by the temporary seismometric array at Diezma. The recording 814 
stations are also reported. The data sources are IGN (Instituto Geográfico Nacional, Spain); ISC 815 
(International Seismological Center); an CSEM (European-Mediterranean Seismological 816 
Centre). 817 
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 824 
Table 4 – Physical properties of the inputs selected for the LMM numerical modelling of the 825 
Güevejar and Diezma landslides. The properties of the LEMA_DES derived signals are 826 
identified by the postscript eq, and the % PGA errors with respect to the reference natural record 827 
are also reported. 828 
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